The in-plane anisotropy of the hole g factor in CdTe/(Cd,Mg)Te quantum wells studied by spin-dependent photon echoes
I. INTRODUCTION
Once the spin properties of a semiconductor quantum system become relevant, a detailed knowledge of the spin level structure of the confined carriers is essential. Particularly, for manipulating an optically excited state in a quantum well (QW) or in a quantum dot (QD), the properties of the hole spin must be taken into account. Due to the strong spin-orbit interaction, the structure of the valence band states is complex and, as a consequence, also the hole g factor is strongly anisotropic [1] . In magnetic field this is manifested in an anisotropic Zeeman splitting. Here, the configuration in which the magnetic field is applied perpendicular to the light wavevector (and to the structure quantization axis), for which the intrinsic optical transitions become linearly polarized, is especially interesting. In the isotropic case, the optical transitions split by the field would be polarized either along or perpendicular to the magnetic field axis as for atomic systems [2] . However, in a solid state, the effective magnetic field, acting on the holes, does not coincide with the external magnetic field. This is because confinement and strain significantly modify the valence band eigenstates and, as a result, change the polarization of the optical transitions [3] .
There are various methods to study the hole spin in low-dimensional semiconductor systems. Some of them, such as polarized photoluminescence [4] [5] [6] and spin-flip Raman scattering [7] [8] [9] , require the application of quite strong transverse magnetic fields in order to resolve the small Zeeman splittings, by which also band mixing effects are changed, for example. Additionally, tilting of the field axis away from the Voigt geometry is often used to involve the larger out-of-plane hole g factor component in the Zeeman interaction [10] . Also the spin noise technique allows studying the hole spin in certain systems with small or zero hole g factor inhomogeneities such as single QDs [11] . Other methods based on pumpprobe Kerr or Faraday rotation are mostly applicable to systems with resident holes, because, otherwise, the hole spin precession is screened by the signal originating from the electron spin [12] [13] [14] . As a result, the possibilities to study the in-plane anisotropy of the hole spin by these methods are somewhat limited and only a few of them have been employed so far for that [8, 9, 15] .
On the other hand, time-resolved coherent optical methods allow for tracing the precise hole spin dynamics in the limit of small magnetic fields. One of these methods is four-wave mixing and especially photon echo technique, which provides access to the homogeneous optical linewidth [16] . Recently, it was shown for various systems that photon echoes depend sensitively on the applied transverse magnetic field, see e.g. [17, 18] . In particular, the in-plane hole g factor can be measured using the spin-dependent photon echoes [19] . Therefore, exploiting coherent optical methods in combination with applying transverse magnetic fields opens unique opportunities to study the in-plane magnetic anisotropies of the electronic states in quantum confined semiconductor systems.
In this paper, we investigate the in-plane anisotropy of the hole spin in a single CdTe/(Cd,Mg)Te QW, manifested through the photon echoes from the neutral exciton bound to a donor (D 0 X) in transverse magnetic field. Because of the absence of the electron-hole spin exchange interaction in this system, the observed state splittings increase linearly with the magnetic field strength. We find that the in-plane hole g factor is highly anisotropic as a result of several contributions, which strongly influence the coherent optical dynamics of D 0 X.
II. THEORETICAL MODEL
We start with the theoretical consideration of the magnetic-field-dependent two-pulse photon echo (PE) generated by the isolated negatively charged exciton (trion) or D 0 X in a QW, neglecting many-body effects. The system is excited by two short laser pulses of specific polarizations (P 1 and P 2 ) and separated by the time delay τ . The excitation is followed by the two-pulse PE emission delayed by τ relative to the second pulse. The PE amplitude is studied as well in a specific P P E polarization, so that the experiment can be characterized by the polarization sequence P 1 P 2 → P P E . We use as reference frame the one associated with the crystal axes, where z || [100] is the growth direction and x || [010], y || [001] are the in-plane axes, as shown in Fig. 1(a) . The magnetic field is applied in the QW plane (B ⊥ z) under the angle ϕ with respect to the x axis.
A. Circular polarization basis
The negatively charged exciton (trion) consists of two electrons and a hole, while the ground state implies a resident electron with spin 1/2. In the singlet state of D 0 X, the two electron spins are antiparallel, so that the D 0 X spin state is determined by the hole spin. Both systems, trion and donor-bound exciton, can be represented by the four-level energy scheme displayed in Fig. 1(b) .
First, we consider the circular polarization basis, in which the eigenstates of total angular momentum projection on the z axis correspond to the optically addressed states. The optical selection rules separate the four levels into two arms of allowed optical transitions using opposite circularly polarized light, as shown in Fig. 1(b) . The electron ground states with angular momentum projections |±1/2 have the same energy and become mixed by the in-plane magnetic field B. This is illustrated by the sketch in Fig. 1(c) . So are the excited states (trion/D 0 X) with total angular momentum projections |±3/2 .
To describe the magnetic properties of the electron or trion/D 0 X states, we use the Hamiltonian in the form 
where ω is the effective Larmor frequency and θ is the angle between the x axis and effective magnetic field axis, around which Larmor precession occurs. Because of the anisotropy of the spin splitting, the angle θ can differ from the actual magnetic field angle ϕ. For the electron in the ground state, we take the Zeeman interaction to be isotropic using the constant inplane electron Landé factor g e . The Larmor frequency of the electron is ω e = g e µ B B/ , where µ B is the Bohr magneton and is the Planck constant. The electron experiences the actual magnetic field, so that θ = ϕ e ≡ ϕ.
The heavy hole spin is known to be strongly anisotropic in the QW plane [4] . Thereby, a number of interactions contributing to the effective hole g factorg h have to be considered. We follow the theoretical approach by Semenov and Ryabchenko [3] and include the three main contributions expected to determine the hole spin dynamics: (i) the Zeeman interaction leading to a heavy hole splitting in third order of perturbation theory
, where ∆ LH is the heavy hole-light hole (HH-LH) splitting and g h characterizes the Zeeman interaction of the hole. The angle at which the effective magnetic field appears due to this contribution is θ = 3ϕ; (ii) the (non-Zeeman) interaction due to the cubic crystal symmetry with ω q = 3 2 qµ B B/ and θ = −ϕ, where q is the Luttinger parameter [20, 21] ; (iii) the strain-induced potential of C 2v symmetry for the hole inside the QW. This potential mixes HH and LH states in first order of perturbation theory and provides an additional splitting ω ht = uµ B B/ with the parameter u ∼ g h /∆ LH . This potential is determined by the in-plane strain axis with the angle φ relative to the x axis. Summing these contributions results in the effective magnetic field angle θ = ϕ + 2φ + π/2 [3] . Taking all contributions into account was shown to be important in self-assembled semiconductor QDs [5, 22, 23] .
Comprising the three contributions, we write the hole spin Hamiltonian in the form
The effective hole precession frequency ω h =g h µB/ obtained from this is given by:
The angle of the effective magnetic field experienced by the hole θ = ϕ h can be found from tan(ϕ h ) = M/N .
As a result, we find for the PE amplitude analyzed in the polarization chosen to be identical to that of the first pulse (P P E = P 1 ), for which the strongest and most informative PE signals are expected:
Hereafter, we fix the pulse delay τ and scan the magnetic field amplitude B, which allows us to neglect any relaxation processes in the coherent dynamics of the system. As a result, the effective Larmor frequencies ω i are not constants in our consideration, but rather change with the magnetic field strength B in accordance with the interactions (i)-(iii). Figure 2 shows the calculated magnetic field dependences of the PE amplitude in the circular polarizations basis. Initially, a coherent ensemble is created by the first σ + pulse, exciting a coherent superposition of the states (|+1/2 , |+3/2 ). Due to the electron spin precession, the low energy component of the superposition oscillates between the |+1/2 and |−1/2 ground states at the electron Larmor frequency ω e . Similarly, the high energy component oscillates between the |+3/2 and |−3/2 excited states at the effective hole Larmor frequency ω h . Various states of the coherent ensemble upon arrival of the second pulse are indicated by the red ovals in the cartoons of Fig. 2 . Eventually, the PE is generated when the ensemble is in a state that can be excited by the second pulse: This is possible when either the σ + second pulse (red vertical arrow) hits the ensemble when it is in the (|+1/2 , |+3/2 ) superposition, or the σ − second pulse (blue vertical arrow) hits the ensemble in the (|−1/2 , |−3/2 ) superposition. As a result, the PE amplitude exhibits two types of oscillations when the field strength is varied. Typically |g e | > |g h |, therefore, the fast oscillations are due to the electron spin precession, while the slow oscillations of the envelope are due to the hole spin precession. We note that the signals carry only information about the absolute values of the effective electron and hole in-plane g factors, |g e | and |g h |, but are insensitive to the relative phase of the electron and hole spin precession.
B. Linear polarization basis
In case of linearly polarized excitation, the first pulse polarization (P 1 ) is characterized by the angle γ relative to the magnetic field B, as shown in Fig. 3(a) .
Here, to understand the coherent dynamics of the system, it is convenient to switch to the linear polarization basis shown in Fig. 3(b) . It involves as basis states |ψ ± e and |ψ ± h with spin projections parallel and antiparallel to the effective magnetic field axis, respectively, and the two linear eigenpolarizations of the system, L || and L ⊥ . The ground states |ψ ± e correspond to the two electron spin orientations along the B axis, as illustrated in Fig. 3 (c), with an energy splitting ω e . The excited states |ψ ± h with an energy splitting ω h have spin orientations along the effective magnetic field that is directed under the angle ϕ h relative to the x-axis. The wavefunctions of these basis states are
with |±1/2 and |±3/2 being the circular basis states along the z axis used before. The orientation of the eigenpolarization L || is determined by the eigenangle γ 0 = (ϕ h − ϕ e )/2 − ϕ + nπ, where n is integer, as depicted in Fig. 3(d) .
Now we analyze the PE in the polarization of the first pulse (P P E = P 1 ). The PE amplitudes evaluated for the co-and cross-polarized configurations are given by 
where α = γ − γ 0 . We note that the PE detected in polarizations different from that of P 1 contains higher harmonics so that it is harder to extract information from it. Figure 4 summarizes the magnetic field dependences of the PE amplitude for the main co-and cross-polarized configurations with respect to the eigenpolarization basis L || ,L ⊥ , as sketched in the left part of the figure. The PE amplitude is a constant in the co-polarized configurations L || L || → L || and L ⊥ L ⊥ → L ⊥ , as shown in Fig. 4(a) . The PE amplitude oscillates as cos(ω e − ω h )τ at the differential frequency (∆) and as cos(ω e + ω h )τ Next we analyze how the various interactions contributing to the in-plane hole g factor manifest in the spin-dependent PE signal when varying the magnetic field angle ϕ in the QW plane. As before, we consider an isotropic electron in-plane g factor, so that ϕ e = ϕ.
When only a single interaction for the hole out of (i)-(iii) is present, the splitting of the heavy hole states will be isotropic, independent of the magnetic field angle ϕ. Therefore, the magnetic field dependences of the PE, measured in the σ + σ ± → σ + configurations, will exhibit no difference when ϕ is varied, similar to the PEs shown in Fig. 2 . This is illustrated in Fig. 5(a) implying ω h ∝ B.
However, every of the considered interactions has a distinct symmetry which is reflected in the spin-dependent PE when measured in the linear polarization configurations. The Zeeman interaction (i), providing the ω z ∝ B 3 splitting and entering the in-plane hole g factor with the phase ϕ h = 3ϕ, results in α = γ. Thus, the magnetic field dependences of the PE measured with linearly polarized pulses will be independent of the angle ϕ, and therefore the contribution (i) is isotropic. The contribution (ii) due to the cubic crystal symmetry with strength ω q and phase ϕ h = −ϕ gives α = γ + 2ϕ. As a result, the spin-dependent PE measured in the co-polarized configurations contains the eighth harmonic, while the PE measured in the cross-polarized configurations contains the fourth and eighth harmonics when varying the angle ϕ, as shown in Fig. 5(b) . Finally, the strain-induced interaction (iii) with strength ω ht , which enters the inplane hole g factor with phase ϕ h = ϕ + 2φ + π/2, leads to α = γ + ϕ + φ − π/4. This contribution provides the fourth harmonics in the linearly co-polarized configurations, and the second and fourth harmonics in the linearly cross-polarized configurations as function of ϕ, as shown in Fig. 5(c) .
Superimposing these interactions in accordance with
Eq. (2) leads to interference effects, which in general makes the analysis of the experimentally measured spindependent PE a nontrivial task. When, however, one of the contributions (i)-(iii) prevails, the spin-dependent PE must exhibit certain symmetry properties, which help to identify the most important contribution and, as a result, simplify the analysis of the data. 
III. EXPERIMENTAL RESULTS
With the aim of studying the hole spin anisotropy by means of spin-dependent PE we used a 20 nm-thick CdTe/Cd 0.76 Mg 0.24 Te single QW (#032112B). It was grown by molecular-beam epitaxy on a [100]-oriented GaAs substrate overgrown with 4.5 µm Cd 0.76 Mg 0.24 Te buffer and a short-period superlattice. The CdTe QW is sandwiched between 100 nm-thick Cd 0.76 Mg 0.24 Te barriers. The QW layer is unintentionally doped by donors (n d < 10 10 cm −2 ) leading to the D 0 X optical transition at the energy of 1.5973 eV (T = 1.5 K), which we excite resonantly. The structure was examined before by various photon echo-based techniques and can be considered as model system [19, [24] [25] [26] .
The experimental setup we employ here allows for time-resolved degenerate four-wave mixing (FWM) measurements. The sample was cooled down to the temperature of 1.5 K in a helium bath cryostat, equipped with a superconducting split-coil magnet. Two pulse trains from a Ti:sapphire laser with the spectral width of 0.9 meV (duration 2.3 ps) and wavevectors k 1 and k 2 , oriented close to the sample normal, were focused into a spot of about 250 µm on the sample. The second pulse train was delayed with an optical delay line by τ = 200 ps relative to the first one. The PE signal was collected in the reflection geometry along the 2k 2 − k 1 direction and mixed at the photodetector with a reference pulse, delayed by 2τ = 400 ps with respect to the first pulse. The desired polarization of the detected FWM signal was chosen by the reference pulse polarization. The detected signal intensity is I ∝ Re(E P E E * Ref )
, where E P E and E Ref are the electric field amplitudes of the PE and ref-erence pulse, respectively. The energies per pulse were about 10 pJ, which corresponds to the pulse area of about π/2 or less [25] . More details on the implemented technique can be found in Ref. [27] . The transverse magnetic field was applied in the sample plane at various angles ϕ = nπ/8, n=1..6. The magnetic field strength was scanned in the range B=0-4 T. The fast oscillations follow a frequency independent of the angle ϕ. From these oscillations the electron g factor |g e | = 1.584 ± 0.005 is extracted, in good agreement with previous studies [26, 28] . The envelope function of the fast oscillations exhibits slow oscillations caused by the hole spin precession. These slow oscillations appear to be in anti-phase for the σ + σ + → σ + and σ + σ − → σ + polarization configurations and demonstrate a ϕ-dependent period. From that period the effective in-plane hole g factor |g h | = ω h /µ B B can be determined, as plotted with dots in Fig. 6(c) . It varies in the range |g h |=0.13-0.17 with the highest value for the magnetic field oriented along the [011] crystalline axis. Figure 7 provides experimental data measured in the linear polarization configurations for the magnetic field orientations ϕ = 3π/8, 4π/8, and 5π/8. In order to operate with specific linear polarizations in the laboratory reference frame associated with the magnetic field orientation we employ the following directions, as indicated in the inset of Fig. 7 : Horizontal H||B (γ = 0), vertical V⊥B (γ = π/2), diagonal D (γ = π/4), and anti-diagonal A⊥D (γ = 3π/4). The data exhibit the following symmetry properties: In the co-polarized configurations HH→H and DD→D, the signal shape changes with the angle step ϕ with an oscillation period of π/4, corresponding to the eighth harmonic. Similarly, in the cross-polarized configurations HV→H (VH→V) and DA→D (AD→A) periodic shape changes occur with the angle period of π/2, which corresponds to the forth harmonic. However, the anisotropic angular dependence of the effective hole g factor [ Fig. 6(c) ] evidences the presence of at least two different contributions, one of which is thus prevailing.
IV. ANALYSIS AND DISCUSSION
From the comparison of the data in Fig. 7 with the magnetic field dependences of the PE in the eigen polarization basis (Fig. 4) , the orientation of this basis can be deduced: γ 0 ≈ −2ϕ + nπ. We note that the measured signal is proportional to the absolute value of the PE amplitude, so that it should be compared with |P co | and |P cross | dependences. As a result, for the magnetic field tilted by ϕ = 3π/8 the eigenangle is γ 0 ≈ π/4. Thus, the eigen polarizations L || and L ⊥ are aligned with the D and A polarizations, respectively, as shown schematically in Fig. 7(a) . Similarly, the data measured at ϕ = 4π/8 [ Fig. 7(b) ] have the eigenangle γ 0 ≈ 0 and the L || , L ⊥ axes are aligned with the H and V polarizations. Accordingly, the data measured at ϕ = 5π/8 [ Fig. 7(c) ] have the eigenangle γ 0 ≈ −π/4 and the L || , L ⊥ axes are aligned with the A and D polarizations.
We discuss now the details of the model adjusted to describe quantitatively all the collection of the experimental data. First, we neglect the Zeeman contribution (i) to the hole g factor, since it is expected to be small (ω z ∼ ω h × 10 −3 ) due to the sufficiently large HH-LH splitting of ∆ LH ≈ 15 meV [24] . Moreover, it requires nonlinear dependence of the Zeeman splitting on magnetic field, which is hard to observe from our data. In order to take into account the inhomogeneity of the hole g factor, we consider the Gaussian distribution of the two remaining contributions weights q and u with the same relative dispersions ∆p/p (p = q, u), for simplicity. We neglect the g e dispersion, which is expected to be within 1% [28, 29] .
From the theoretical modeling of the complete data set shown with the red lines in Figs. 6(a), 6(b) and 7 we find that the in-plane hole g factor is dominated by the non-Zeeman contribution (ii) with the Luttinger parameter q = 0.095±0.005. It is responsible for the main symmetry properties of the spin-dependent PE and corresponds to the effective hole g factor 3/2q ≈ 0.143, shown in Fig. 6(c) with the blue dash-dotted circle.
The strain-induced contribution (iii) has the weight of u = 0.016 ± 0.006 with the strain axis orientation φ = (94 ± 2) • . This contribution interferes with the non-Zeeman contribution (ii) leading to the anisotropic angular dependence of the observed effective in-plane hole g factor, shown in Fig. 6(c) with the red solid line. The dependence is stretched along the [011] axis with the aspect ratio of about 30% resulting in the hole effective g factor varying in the range |g h |=0.125-0.160.
The small amplitude oscillations observed in the linearly co-polarized configurations aligned with the L || axis, such as HH→H at ϕ = 4π/8 [ Fig. 7(b) ] or DD→D at ϕ = 3π/8 and 5π/8 [ Fig. 7 (a), 7(c)], are due to a deviation δϕ ∼ 4 • of the experimentally used sample orientations from the nominal ϕ angles with respect to the actual crystal x axis. This deviation was confirmed by the X-ray Laue analysis.
Finally, the dispersion of the hole g factor can be characterized by the standard deviation ∆p/p ≈ 0.25. It is responsible for the strong damping of the oscillating PE amplitude with the increase of the magnetic field strength B in the ∆ and Σ polarization configurations such as HV→H (VH→V) at ϕ = 4π/8 or DA→D (AD→A) at ϕ = 3π/8 and 5π/8 (Fig. 7) . It causes also the contrast reduction in the PE amplitude oscillations in σ + σ ± → σ + polarization configurations (Fig. 6 ).
There are other magnetic field-induced effects to mention, which we however neglected here. Because of the diamagnetic high energy shift of the D 0 X spectral line (∼ 0.3 meV at B = 4 T) and subsequent detuning from the laser energy, the detected PE amplitude is somewhat reduced at B > 2 T. Additionally, the strong magnetic field affects the spins dynamics during the optical pulse action, which may effectively reduce the detected PE amplitude.
As was mentioned before, the pulse delay τ can be varied at constant magnetic field in order to observe the spin-dependent PE. Thereby, the diamagnetic shift problem can be eliminated. However, since the PE amplitude experiences exponential decay with the optical coherence time (T 2 ≈ 100 ps) [25] , this has to be taken into account. The spin relaxation processes occur on the much longer times (≥ 1 ns) and could be still neglected [26] .
The in-plane anisotropy of the hole g factor studied by the magnetic-field-dependent photoluminescence in CdTe/(Cd,Mn)Te [4] and (Cd,Mn)Te/(Cd,Mn,Mg)Te QWs [9] was described by the lowering to C 2v crystal symmetry due to the strain-induced contribution (iii). In our study, however, we have shown that the cubic crystal symmetry plays dominant role in the anisotropic hole spin properties.
The magnitude of the Luttinger q parameter in quantum wells was not experimentally studied well so far. It is usually disregarded in consideration because of its hypothetical smallness [30] [31] [32] . In GaAs-based QWs, values in the range q = 0.01-0.04 were evaluated from the photoluminescence studies [21, 33] . The q parameter was not measured in CdTe/(Cd,Mg)Te QWs and, thus, it is difficult to conduct a comparison.
V. CONCLUSIONS
The photon echo-based technique is developed to monitor the precise spin-optical coherent dynamics of ensembles of the exciton complexes, which can be described by the four-level scheme. It may be applied to study charged excitons as well as neutral excitons bound to a donor or an acceptor in various semiconductor systems including quantum wells, quantum dot ensembles, and epilayers. The main advantage of the technique is the possibility to measure the in-plane components of the hole g factor using relatively weak magnetic fields and to study various interactions of the hole spin with the in-plane magnetic field. In our study, the magnetic field as low as B ≈ 200 mT was sufficient to estimate the effective hole g factor of about 0.1 from the spin-dependent photon echo measurements in certain polarization configurations at the pulse delay τ = 200 ps. This is because the effective hole g factor can be evaluated from the deviation of the signal oscillation frequency from the electron Larmor frequency. Besides, the magnetic field strength can be scaled down further with the increasing τ . Moreover, as compared with other methods studying the hole spin dynamics, it is not necessary to have the resident holes for that purpose. Eventually, applying the method to the CdTe/(Cd,Mg)Te quantum well we have been able to extract the parameter q in the Luttinger-Kohn Hamiltonian, which is difficult to obtain by other optical techniques. Presented method can be extended for the magnetic fields tilted from the structure plane allowing thus for studying the out-of-plane hole spin properties.
